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ABSTRACT 

Effects of thrust uncertainty in the fixed throttle 
setting portion of the LM descent braking phase are discussed. 
Because of engine thrust uncertainties, present LM descent 
mission planning imposes a AV penalty of 100 ft/sec, a 
limitation of 1 degree downhill approach slopes, and an added 
complication to the crew's monitoring of' descent parameters. 

Conclusions reached here are that those penalties 
described above can be greatly reduced by throttling the 
engine in the high-thrust Fixed Thrust Position to produce a 
reproducible thrust profile. 
saving could be achieved; downhill slopes of up to 2 degrees 
could be tolerated; and the crew's ability to recognize off- 
nominal performance would be enhanced. 

By so doing a 100 ft/sec AV 
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MEMORANDUM FOR FILE 

The b r a k i n g  phase  p o r t i o n  o f  t h e  LM d e s c e n t  i s  
f lown w i t h  t h e  Descent  Engine (DPS) t h r o t t l e d  t o  a f i x e d  
p o s i t i o n  f o r  abou t  380 seconds  o f  t h e  p h a s e .  T h i s  c o n s t r a i n t  
i n s u r e s  t h a t  t h e  e n g i n e  i s  not  t h r o t t l e d  between 6 0  and 90% 
of maximum t h r u s t ,  a r e g i o n  of e x c e s s i v e  e r o s i o n .  The 
g u i d a n c e  s y s t e m  s a t i s f i e s  t h e  f i x e d  t h r o t t l e  c o n s t r a i n t  
w h i l e  a c h i e v i n g  h igh -ga te  c o n d i t i o n s  of p o s i t i o n  and v e l o c i t y .  
T h i s  i s  done by d i r e c t i n g  t h e  e n g i n e  t h r u s t  a l o n g  t h e  
d i r e c t i o n  commanded by t h e  guidance  e q u a t i o n s  b u t  l e a v i n g  
t h e  t h r o t t l e  se t  t o  9 2 . 5 %  maximum t h r u s t .  
t u d e  of  t h e  commanded t h r u s t  f a l l s  t o  52% maximum t h r u s t ,  
c o n t r o l  i s  es tab l i shed  o v e r  t h e  t h r o t t l e ,  and t h e  commanded 
t h r u s t  i s  a c h i e v e d  f o r  t h e  r e s t  o f  t h e  f l i g h t .  F i g u r e  1 
shows t h i s  e f f e c t  by p l o t t i n g  a c t u a l  and commanded t h r u s t  
v s .  t i m e .  Command d i r e c t i o n  of t h r u s t  i s  a c h i e v e d  o v e r  t h e  
e n t i r e  p h a s e .  

When t h e  magni- 

When t h e  t h r o t t l e  i s  p l a c e d  a t  92 .5% of maximum 
t h r u s t ,  t h e r e  i s  a n  u n c e r t a i n t y  as t o  t h e  a c t u a l  t h r u s t  t h a t  
w i l l  r e s u l t .  F i g u r e  2 shows t h i s  e f f e c t .  Because of  t h i s  
u n c e r t a i n t y ,  t h e  p r e s e n t  LM d e s c e n t  p l a n n i n g  c a l l s  f o r  t h e  
b r a k i n g  phase  t o  b e  t a r g e t e d  t o  t a k e  t h i s  i n t o  a c c o u n t .  The 
t r a j e c t o r y  i s  d e s i g n e d  t o  i n s u r e  a t  l e a s t  30 seconds  of t h r u s t  
l e v e l  c o n t r o l  f o r  t h e  wors t  ( l ow)  e n g i n e  per formance  c a s e .  
U n c e r t a i n t y  i n  h i g h - t h r u s t  p r o f i l e  p roduces  d i s a d v a n t a g e s  
f o r  t h e  LM d e s c e n t .  These a r e  now d e s c r i b e d .  

A .  F u e l  Cost  

I n  o r d e r  t o  i n s u r e  a t  l e a s t  30  seconds  of  t h r u s t  
l e v e l  c o n t r o l  f o r  t h e  low t h r u s t  e n g i n e  per formance  (30 = 3% l o w ) ,  
t h e  b r a k i n g  phase  i s  d e s i g n e d  s o  t h a t  a nominal  e n g i n e  t h r u s t  
per formance  w i l l  c a u s e  c o n t r o l  o v e r  t h e  t h r o t t l e  t o  be re- 
e s t a b l i s h e d  1 2 0  seconds  b e f o r e  t h e  end of t h e  p h a s e .  T h i s  i s  
c o s t l y  i n  f u e l :  
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a .  

b .  

The AV p e n a l t y  f o r  moving the  n o m i n a l - t r a j e c t o r y  
t h r o t t l e  down t i m e  back from 30 seconds  b e f o r e  
high-gate c o n d i t i o n s  i s  a b o u t  1 

number a p p l i e s  t o  t h r u s t - a c c e l e r a t i o n  d e v i a t i o n s  
i n  t h e  r a n g e  2-4% and t h r o t t l e - d o w n  t i m e s  o f  70-160 
seconds  p r i o r  t o  high-gate  c o n d i t i o n s .  For a 1 2 0  
second t h r o t t l e  down t i m e  r a t h e r  t h a n  a 30 second  
t h r o t t l e  down t i m e ,  t h e  AV p e n a l t y  i s  a b o u t  90 f t / s e c .  

f t / s e c  (l). T h i s  
second 

A h i g h - t h r u s t  e n g i n e  w i l l  t h r o t t l e  down p r i o r  t o  
t h e  1 2 0  second nominal .  F o r  a ( t 3 0  = t 3 x )  h i g h  
t h r u s t  e n g i n e ,  t h e  t h r o t t l e  down t ime  i s  a p p r o x i -  
m a t e l y  1 5 0  seconds .  The AV c o s t  f o r  a n  e a r l i e r  
t h r o t t l i n g - d o w n  t ime  i s  a b o u t 1  f t / sec  
AV budget  must a l l o w  f o r  t h i s  p o s s i b i l i t y  as a 
c o n t i n g e n c y  and t h e  budgeted  AV i s  a b o u t  30  f t / s e c .  

Thus d e s c e n t  s econd '  

Thus t h e  F ixed  T h r o t t l e  P o s i t i o n  (FTP)  t h r u s t  
u n c e r t a i n t y  imposes a p e n a l t y  o f  abou t  100 f t / s e c .  

B. Al lowable  Downhil l  S l o p e s  

Downhil l  s l o p e s  cause  g u i d a n c e  s y s t e m  problems 
f o r  t h e  f o l l o w i n g  r e a s o n .  When t h e  LM's estimated a l t i t u d e  
reaches 25 ,000  f e e t ,  t h e  l a n d i n g  radar 's  es t imate  o f  a l t i t u d e  
i s  combined w i t h  t h e  IMU's estimate of a l t i t u d e  t o  p roduce  a 
u e ~ ~ e r  est imate .  F o r  t n e  c a s e  o f  d o w n h i l l  s l o p e s ,  t h e  radar 
w i l l  measure t h e  a l t i t u d e  t o  b e  l e s s  t h a n  t h a t  es t imated by 
t h e  I M U ;  and as u p d a t i n g  p r o c e e d s , t h e  Guidance S y s t e m ' s  
estimate of a l t i t u d e  soon i s  lower t h a n  i t  would have  been  
had t h e r e  been  no radar u p d a t e .  The g u i d a n c e  sys t em r e s p o n d s  
t o  t h i s  lower  t h a n  nominal  a l t i t u d e  by  p i t c h i n g  c l o s e r  t o  
t h e  v e r t i c a l .  T h i s  c a u s e s  t h e  v e l o c i t y  beams t o  a p p r o a c h  
c l o s e r  t o  b e i n g  p e r p e n d i c u l a r  t o  t h e  v e h i c l e ' s  v e l o c i t y  v e c t o r  
o r  c l o s e r  t o  a ze ro -dopp le r  c o n d i t i o n .  A l t i t u d e  da t a  i s  
dependent  on p r o p e r  radar  v e l o c i t y  o p e r a t i o n  t o  accoun t  f o r  
t h e  d o p p l e r - s h i f t  o f  t h e  a l t i t u d e  ( r a n g e )  beam. If t h e  ze ro -  
d o p p l e r  c o n d i t i o n  o c c u r s ,  radar a l t i t u d e  u p d a t e s  s t o p ,  and 
a t i m e  l a g  o c c u r s  b e f o r e  r a d a r  u p d a t e  b e g i n s  a g a i n .  If a 
d o w n h i l l  s l o p e  caused  ze ro -dopp le r  loss o f  v e l o c i t y  c o r r e c t i o n ,  
i t  i s  l i k e l y  t h a t  l o s s  w i l l  o ccu r  a g a i n  f o r  t h e  same r e a s o n s .  
Thus a l l o w a b l e  d o w n h i l l  s l o p e s  a r e  de te rmined  by i n s u r i n g  t h a t  
t h e  p r o b a b i l i t y  t ha t  t h e  ze ro -dopp le r  c o n d i t i o n  i s  smal l .  

1. _ L a  

- 

The u n c e r t a i n t y  of e n g i n e  t h r u s t  i n  t h e  f i x e d - t h r u s t  
p o r t i o n  of t h e  b r a k i n g  phase  i n c r e a s e s  t h e  p r o b a b i l i t y  t h a t  
when f l y i n g  o v e r  a g i v e n  s l o p e ,  ze ro -dopp le r  drop-out  w i l l  
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o c c u r .  (2) F i g u r e  3 shows t h i s  e f f e c t . *  The o r d i f i a t e  of 
F i g u r e  3 p l o t s  t h e  p r o b a b i l i t y  t h a t  t h e  minimum r a n g e  beam 
i n c i d e n c e  a n g l e  i s  l e s s  t h a n  n i n e  d e g r e e s .  Re fe rence  2 
d e s c r i b e s  t h e  s i g n i f i c a n c e  of  n i n e  d e g r e e s  as b e i n g  a l i m i t i n g  
a n g l e  f o r  t h e  ze ro -dopp le r  c o n d i t i o n .  I f  t h e  v e h i c l e  were 
t o  p i t c h  n e a r e r  t h e  l o c a l  v e r t i c a l  making t h e  r a n g e  beam 
i n c i d e n c e  a n g l e  become l e s s  t h a n  n i n e  d e g r e e s  d u r i n g  t h e  
b r a k i n g  phase,  ze ro -dopp le r  i s  l i k e l y  t o  o c c u r .  The a b s c i s s a  
of F i g u r e  3 i s  s l o p e  i n  d e g r e e s .  G r e a t e r  d o w n h i l l  s l o p e s  
i n c r e a s e  t h e  p r o b a b i l i t y  t h a t  t h e  minimum r a n g e  beam i n c i -  
dence  a n g l e  i s  l e s s  t h a n  n i n e  d e g r e e s .  

F i g u r e  3 shows t h a t  t h e  p r o b a b i l i t y  t h a t  t h e  ze ro -  
d o p p l e r  boundary (9 ' )  i s  exceeded when t h e  t e r r a i n  i s  a 
d o w n h i l l  s l o p e  o f  one d e g r e e  i s  a b o u t  .25 f o r  a 2 %  High 
T h r u s t  Engine .  For t h e  same s l o p e  and a nominal  or low 
t h r u s t  e n g i n e ,  t h e r e  i s  l i t t l e  p r o b a b i l i t y  t h a t  z e r o - d o p p l e r  
d rop-ou t  w i l l  o c c u r .  For  a d o w n h i l l  s l o p e  of  two d e g r e e s ,  
o n l y  t h e  low t h r u s t  c a s e  has a low p r o b a b i l i t y  of e x c e e d i n g  
t h e  ze ro -dopp le r  boundary.  The p r o b a b i l i t y  t h a t  t h e  boundary 
i s  exceeded  f o r  t h e  +2% h i g h - t h r u s t  c a s e  f l y i n g  o v e r  a two 
degree d o w n h i l l  s l o p e  i s  about  . 9 .  

Because of t h e  t h r u s t  u n c e r t a i n t y ,  l a n d i n g  s i t e s  
s h o u l d  b e  s e l e c t e d  which have l ess  t h a n  one d e g r e e  d o w n h i l l  
s l o p e s . * *  However, s i n c e  Lunar O r b i t e r  Data i s  u s e d ,  mapping 
o f  l a n d i n g  s i t e s  can  o n l y  d e t e r m i n e  s l o p e s  t o  + 1'. T h i s  
mapping u n c e r t a i n t y ,  e s s e n t i a l l y  l i m i t s  app roach  t e r r a i n s  
t o  t h o s e  hav ing  f l a t  or u p h i l l  s l o p e s .  

Thus t h e  FTP t h r u s t  u n c e r t a i n t y  imposes a p e n a l t y  
t o  m i s s i o n  p l a n n i n g  i n  t h a t  only s i t e s  of  a p p r o x i m a t e l y  f l a t  
(or a t  most one d e g r e e  downhi l l  s l o p e )  t e r r a i n .  I f  t h e  FTP 
t h r u s t  cou ld  be c o n t r o l l e d  ( say  t o  a nominal  t h r u s t  p r o f i l e ) ,  
t h e  b r a k i n g  phase  c o u l d  be  ta rge ted  s o  t h a t  t h r o t t l e  c o n t r o l  
i s  r e g a i n e d  30 seconds  b e f o r e  h i g h - g a t e .  P r o b a b i l i t y  of  ze ro -  
d o p p l e r  drop-out  would be e s s e n t i a l l y  l i k e  t h e  -2% low t h r u s t  
c a s e  shown i n  F i g u r e  3 .  It a p p e a r s  t h a t  s l o p e s  up t o  2 
d e g r e e s  ( d o w n h i l l )  c o u l d  be t o l e r a t e d  w i t h o u t  v i o l a t i n g  t h e  
ze ro -dopp le r  r e g i o n .  

"F igu re  3 was d e r i v e d  f r o m  Monte-Carlo S i m u l a t i o n s  of  
t h e  LM g u i d a n c e  and n a v i g a t i o n  s y s t e m s  o v e r  g e n e r a l  d o w n h i l l  
s l o p e s  from t h e  l a n d i n g  s i t e .  A l t i t u d e  u p d a t e s  were assumed 
t o  commence a t  2 5 , 0 0 0  f e e t .  A nominal  t h r u s t  t r a j e c t o r y  
produced  t h r o t t l e  down a t  T = 1 2 0 ;  a l t i t u d e  = 2 2 , 0 0 0  f e e t .  go  

**Reference  4 s u g g e s t s  t h a t  g e n e r a l  d o w n h i l l  s l o p e s  of 
2 O  can  be  t o l e r a t e d .  
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C .  C r e w  Moni to r ing  and S a f e t y  

During t h e  powered d e s c e n t ,  t h e  crew w i l l  m o n i t o r  

Nominal f l i g h t  p a r a m e t e r s  o f  n e c e s s i t y  w i l l  
t h e i r  f l i g h t  by comparing f l i g h t  parameters t o  nominal  f l i g h t  
p a r a m e t e r s .  
have to be produced from a s i m u l a t i o n  o f  t h e  d e s c e n t  u s i n g  
a nominal  t h r u s t  e n g i n e .  If d u r i n g  t h e  a c t u a l  f l i g h t ,  a h i g h  
or low t h r u s t  deve loped ,  t h e  f l i g h t  parameters such  as h v s  h ,  
h v s  R 
a s t r o n a u t s  would have some u n c e r t a i n t y  as t o  t h e  c a u s e  of t h e  
o f f -nomina l  t r a j e c t o r y .  
were c a u s i n g  t h e  of f -nominal  per formance  ( e . g . ,  a s l o w l y  
d r i f t i n g  p l a t f o r m ) ,  t h e  crew w i l l  have t o  wait u n t i l  t h e  
f l i g h t  p r o g r e s s e s  t o  a s c e r t a i n  whe the r  t h e  e n g i n e  i s  o f f -  
nominal  or if someth ing  e l s e  i s  wrong. E l i m i n a t i n g  a s o u r c e  
of u n c e r t a i n t y  and a b o r t i n g  wi thou t  d e l a y  (when a problem i s  
r e c o g n i z e d )  i s  advantageous  from a crew s a f e t y  s t a n d p o i n t .  

and y v s  v would n a t u r a l l y  v a r y  from nominal .  The 
go ' 

I f  some o t h e r  pe r fo rmance  m a l f u n c t i o n  

T h r o t t l i n g  t h e  Engine  i n  t h e  FTP 

It seems p r  
t h r o t t l e d  i n  t h e  h i g h  
S i n c e  e x p e c t e d  t h r u s t  
scheme can  be d e v i s e d  
d i c t a b l e  f i x e d  t h r u s t  
imposed i n  a s o f t w a r e  
hardware impact  would 
c a n  be t a r g e t e d  u s i n g  

C o n c l u s i o n s  

o b a b l e ( 3 )  t h a t  t h e  e n g i n e  can  be  s a f e l y  
- t h r u s t  r e g i o n  by as much as + 3 % .  

v a r i a t i o n s  a r e  t 3 % ,  a simple f eedback  
to t h r o t t l e  t h e e n g i n e  so  t h a t  a p r e -  
can  b e  a c h i e v e d .  Some impact  would be 
method t o  do  t h e  t h r o t t l i n g .  
be imposed. 
t h e  p r e d i c t a b l e  f i x e d  t h r u s t  p r o f i l e .  

L i t t l e  
The b r a k i n g  phase  t r a j e c t o r y  

From t h e  v i ewpo in t  of f u e l  s a v i n g s ,  s i t e  s e l e c t i o n ,  

The AV s a v i n g s  would b e  a p p r o x i m a t e l y  1 0 0  f t / s e  

and crew s a f e t y ,  t h e  c o n c l u s i o n  i s  r e a c h e d  t h a t  t h r o t t l i n g  
t h e  e n g i n e  i n  t h e  h i g h  t h r u s t ,  f i x e d  t h r u s t  r e g i o n  s h o u l d  be 
implemented.  
Downhil l  s l o p e s  of up t o  2' could  be  t o l e r a t e d  ( r a t h e r  t h a n  
t h e  p r e s e n t  lo s l o p e ) .  The crew c o u l d  more s a f e l y  m o n i t o r  
t h e  b r a k i n g  phase p o r t i o n  of  t h e  f l i g h t  w i t h  a p r e d i c t a b l e  
h i g h  t h r u s t .  

C .  

2012-GLB-nr G .  L .  bush 
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